Terahertz sensing of 7nm dielectric film with bound states in the
  continuum metasurfaces by Srivastava, Yogesh Kumar et al.
1 
 
Terahertz sensing of 7nm dielectric film with bound states 
in the continuum metasurfaces 
Yogesh Kumar Srivastava,1,2 Rajour Tanyi Ako,3 Manoj Gupta,1,2 Madhu Bhaskaran,3 
Sharath Sriram3 and Ranjan Singh1,2,* 
1Division of Physics and Applied Physics, School of Physical and Mathematical Sciences, 
Nanyang Technological University, 21 Nanyang Link, Singapore 637371 
2Centre for Disruptive Photonic Technologies, The Photonics Institute, Nanyang 
Technological University, 50 Nanyang Avenue, Singapore 639798 
3Functional Materials and Microsystems Research Group and the Micro Nano Research 
Facility, RMIT University, Melbourne, VIC 3000, Australia 
*Email: ranjans@ntu.edu.sg  
Abstract 
Fingerprint spectral response of several materials with terahertz electromagnetic radiation 
indicates that terahertz technology is an effective tool for sensing applications. However, 
sensing few nanometer thin-film of dielectrics with much longer terahertz waves (1 THz = 0.3 
mm) is challenging. Here, we demonstrate a quasi-bound state in the continuum (BIC) 
resonance for sensing of nanometer scale thin analyte deposited on a flexible metasurface. The 
large sensitivity originates from strong local field confinement of the quasi-BIC Fano 
resonance state and extremely low absorption loss of a low-index cyclic olefin copolymer 
substrate. A minimum thickness of 7 nm thin-film of germanium is sensed on the metasurface, 
which corresponds to a deep subwavelength length scale of λ/43000, where λ is the resonance 
wavelength. The low-loss, flexible and large mechanical strength of the quasi-BIC micro 
structured metamaterial sensor could be an ideal platform for developing ultrasensitive 
wearable terahertz sensors. 
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Potential applications of terahertz technology in a large number of industries such as 
biomedical, security screening and wireless communication have been demonstrated.1-4 The 
most important applications of the terahertz technology is in non-ionizing, non-destructive, fast 
imaging and sensing modalities.3 Various materials such as DNA, proteins, fungus, and 
explosives show rich spectral fingerprints dominated by their intramolecular and 
intermolecular vibrational modes in the terahertz regime of the electromagnetic spectrum, 
which indicates that the terahertz technology is a highly effective tool for the sensing 
applications.5-9 Among different sensing techniques, the sensors based on metamaterials, which 
are periodic arrays of artificially designed resonant elements, show remarkable sensitivity to 
the small volume of analyte. This sensitivity arises due to enhanced light-matter interaction 
owing to strong confinement of electromagnetic fields in the sub-wavelength structure.10-21 A 
sharp resonance feature is typically desired to detect minute frequency shift that arises due to 
low volume of the analyte.22, 23 Moreover, the amplitude of the resonance should be strong 
enough so that it could be easily detected in the noisy environment. In this context, a variety of 
resonant structures such as metamaterials and dielectric resonator platforms possessing sharp 
spectral features like Fano, quadrupole, and toroidal resonances have been demonstrated for 
refractive index sensing.9, 22-26 However, sensing nanometer thin dielectric layers with sub-
millimeter scale terahertz waves is challenging since it typically requires nano-confined 
terahertz fields which involves highly complex fabrication scheme.27 The fringing fields of the 
metamaterials with micron size split gaps at terahertz wavelength (λ) extend to about λ/20 (few 
microns) and play a vital role in sensing any changes in the dielectric environment of the 
metamaterials.24, 28, 29 Thus, to harness complete sensing capability of metamaterial sensors at 
terahertz frequencies, usually large thickness of the analyte is desired.25, 30, 31 On reducing the 
analyte thickness to few nanometers, the shift in the resonance frequency becomes less 
significant due to reduced strength of light-matter interaction. In the conventional terahertz 
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time-domain spectroscopy (THz-TDS) measurements, such small shift in resonance frequency 
could only be measured with extremely sharp resonance features. This requires high spectral 
resolution which could only be obtained by longer temporal scans. Therefore, the frequency 
shift based sensing method becomes less effective for extremely low analyte volumes, and 
there arises a need for development of an alternative technique for sensing nanometer scale 
thin-film analytes at terahertz frequencies. 
Here, we exploit quasi-bound state in the continuum (BIC) Fano resonance observed in 
metamaterial structures for sensing ultra-thin analyte layers.32-35 An ideal BIC is strictly a 
mathematical concept which results in an infinite quality (Q) factor, and it only exists in an 
ideal metamaterial with highly confined non-radiative mode that does not couple to the free 
space.32, 34, 35 Since an ideal BIC is not observable in real systems, we access a quasi-BIC mode 
through their exponentially diverging Q factor trajectory. Ideal BIC states are symmetry 
protected and can radiate to far-field in the form of quasi-BIC (super-cavity) mode by creating 
a leakage channel through symmetry breaking.34, 35 It has been recently established theoretically 
that the concept of Fano resonance in symmetry broken split ring resonators is a special case 
of BIC, known as quasi-BIC.34 In this work, we demonstrate a quasi-BIC (Fano) based terahertz 
metamaterial sensor fabricated on a flexible and, low refractive index (refractive index n = 1.53 
and loss tangent tanδ ~ 0.004-0.0006 at 0.2-2.5 THz) substrate of cyclic olefin copolymer 
(COC) for sensing deep subwavelength thicknesses of analyte.31, 36-39 This sensor renders large 
sensitivity owing to the low refractive index of the substrates combined with the strongly 
confined local fields of the quasi-BIC state in micron dimension capacitive gaps. Moreover, 
we utilize a recently proposed sensing analysis by Al-Naib based on the change in amplitude 
and phase of the broad transmission spectra due to the presence of sub-micron analyte overlayer 
on the top surface of the metamaterial.21 The amplitude and phase difference based sensing is 
extremely fast and does not require any extra preparation steps. Using this method, we 
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demonstrate sensing of extremely deep subwavelength analyte thickness of 7 nm which is 
~1/43000 times of the metamaterial resonant wavelength. Furthermore, the COC substrates are 
robust and extremely flexible which makes them easily adaptable for the real world wearable 
photonic sensors.  
In this study, we choose a typical double gap terahertz asymmetric split ring (TASR) as a 
building block for the metamaterial due to its design flexibility and sharp quasi-BIC Fano 
resonant spectral feature.22, 35, 40-42 A small portion of a large array of two-dimensional planar 
TASR metamaterial fabricated on a COC substrate is shown in Figure 1(a). The geometrical 
dimensions of the unit cell are revealed in the inset of Figure 1(a). The symmetry of the 
structure is broken by moving one of the capacitive split gaps away from the central vertical 
axis which leads to the excitation of sharp quasi-BIC Fano resonance state due to distortion of 
symmetry protected BIC.34, 35 The TASR arms act as an inductor while the electric field is 
confined and enhanced locally in the vicinity of the capacitive split gaps. This TASR 
metamaterial resides on a low refractive index COC substrate, which is a very promising 
dielectric material with excellent properties such as high chemical resistance, low water 
absorption, high flexibility, good thin film compatibility (with use of appropriate adhesion 
layers) and large transparency across terahertz (0.2-2.5 THz) region of the electromagnetic 
spectrum.37, 43 The TASR structures are fabricated using standard photolithography technique 
followed by thermal evaporation of 200 nm thick gold (Au) layer with a 20 nm chromium (Cr) 
adhesion layer. Details of the fabrication method are given in section 2 of the supplementary 
material. The sensing performance is studied by thermally depositing different thicknesses of 
germanium (Ge) on the fabricated TASR metamaterials, which results in relatively large 
resonance frequency shift due to its high dielectric constant (ε = 16). Figure 1(b) reveals high 
flexibility and free-standing nature of fabricated metamaterials, so that it can be bent, rolled 
and twisted as per the application requirements. The properties of the quasi-BIC Fano 
5 
 
resonance, i.e., Q factor and amplitude of the resonance are determined by the structural 
asymmetry 'd' values.35, 40, 44 Figure 1(c) depicts the Q factors of quasi-BIC Fano extracted from 
the simulated transmission spectra of the ideal metamaterial composed of perfect electrical 
conductor (PEC) and realistic metallic metamaterial array on COC substrate with varying 
asymmetry parameter d (see supplementary material for details on numerical simulations and 
Q factor extraction). The Q factor diverges (∞) at d = 0 due to no coupling of the mode to the 
free space. Breaking the structural symmetry by moving lower TASR gap away from the 
central vertical axis leads to the transition of BIC to the quasi-BIC state and the Q factors 
decrease gradually with increasing asymmetry. The Q factors of an ideal metamaterial are 
significantly larger than the realistic metamaterial owing to their zero ohmic loss. We chose an 
asymmetry of d = 10 μm as a quasi-BIC configuration of the Fano resonance for experimental 
demonstration to easily capture spectral footprints in the measured transmission spectra. The 
simulated transmission spectra of chosen TASR metamaterial at d = 10 μm is shown in the 
inset of Figure 1(c). To demonstrate sensing of nanometer scale thin-film of analyte using 
TASR metamaterial, we first performed numerical simulations by placing an analyte of 
dielectric constant, ε = 16 on the metamaterial and gradually varied its thickness from 7 nm to 
40 nm. Sensing performance of the metamaterial is evaluated using the proposed differential 
technique where the transmission amplitude and phase of the TASR metamaterial with analyte 
were subtracted from the transmission amplitude and phase without analyte, respectively.21 
Figure 1(d) and 1(e), respectively, show the change in the transmission amplitude (∆T) and 
phase (∆ϕ) with different thicknesses of Ge overlayer ranging from 7 nm to 20 nm. We 
observed a significant change in the transmission amplitude and phase even for 7 nm thick 
analyte (shown by red curve), which illustrates the effectiveness of this method for the 
ultrasensitive sensing of deep subwavelength thicknesses of the analyte. 
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In order to explicitly present the importance of proposed sensing technique over conventional 
sensing methods, we carried out detailed simulations as well as experiments on the TASR 
metamaterials with different thicknesses of Ge. Terahertz transmission spectra of the fabricated 
metamaterials are obtained using fiber-based THz-TDS system. The terahertz beam spot of 
diameter, 7 mm, was illuminated on the metamaterial array of size, 20 mm × 20 mm. We 
performed 320 ps time scan to achieve a frequency resolution of about 3 GHz. Terahertz 
transmission amplitude is obtained by using the equation, ?̃?(𝜔) =
?̃?𝑆(𝜔)
?̃?𝑅(𝜔)
, where and
 are the Fourier transformed electric field signal through the sample and reference, 
respectively. Figure 2(a) and (b), depicts the simulated and experimentally measured 
transmission spectra of the TASR metamaterial without (black, dotted curve) and with 7 nm 
thick Ge (red, solid curve) overlayer, which shows a red shift of 6 GHz and 3 GHz, respectively, 
for the quasi-BIC Fano resonance. On increasing the Ge thickness to 20 nm and 40 nm, the 
respective simulated spectrum shows a red shift of 14 GHz and 29 GHz, as shown in Figure 
2(c) and 2(e). Figure 2(d) and 2(f) depicts experimentally measured transmission spectra of 
TASR metamaterial with 20 and 40 nm thick Ge overlayer which shows a red shift of 6 GHz 
and 22 GHz, respectively, as compared to the uncoated metamaterial. The increased thickness 
of analyte results in the enhanced light-matter interaction thus leading to the gradual red 
shifting of quasi-BIC resonance frequency. Here it is noted that the red shift in quasi-BIC Fano 
state is very small at low analyte thickness. Such a small shift in resonance frequency could be 
accurately measured only by increased time scan for the terahertz pulse in the THz-TDS 
measurements. Therefore, the conventional sensing measurement method becomes inefficient 
for sensing nanometer scale thin analyte at terahertz frequencies.  
To overcome the difficulty in sensing extremely thin analyte films using the conventional THz-
TDS method, we utilized an amplitude and phase difference method in which the terahertz 
( )SE 
( )RE 
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transmission amplitude and phase of the TASR metamaterial with analyte were subtracted from 
the transmission amplitude and phase of TASR metamaterials without analyte.21 Figure 3(a) 
represents the change in simulated transmission amplitude (∆T) of TASR metamaterial in the 
presence of analyte overlayers of different thicknesses with respect to the TASR response 
without analyte. On increasing the thickness of the analyte, ∆T increases gradually. The 
experimental values of ∆T for various thicknesses of the Ge overlayer are presented in 
Figure 3(b). The simulated curves show peak-to-peak amplitude difference (|∆T|) value of 0.11 
for 7 nm analyte while corresponding experimental results show the |∆T| value of 0.05. The 
observed |∆T| values are quite significant and could be easily detected with terahertz 
transmission measurements in a noisy environment. The small difference between the 
simulated and experimentally measured values are due to the limited resolution of the THz-
TDS system and the quality of the fabricated metamaterial sample. Similarly, Figure 3(c) and 
3(d), respectively, depict the simulated and experimentally measured change in phase (∆ϕ) of 
TASR metamaterial without and with the analyte of thicknesses ranging from 7 nm to 40 nm. 
We observed that the measured results (Figure 3(d)) are in agreement with the corresponding 
simulations performed using CST Microwave studio. The peak-to-peak values of ∆ϕ are 36.5º 
and 9.2º for the 7 nm thick analyte in simulation (Figure 3(c)) and measurement (Figure 3 (d)), 
respectively. The extracted ∆ϕ values are quite significant and could be easily detected in the 
THz-TDS measurements. Therefore, monitoring the amplitude and phase difference enables 
sensing of extremely thin-film analytes. 
We further analyzed sensitivity of the TASR metamaterials residing on COC substrate by 
placing an analyte of constant thickness of 40 nm but varying the refractive index and compared 
their sensitivity with the identical TASR metamaterials residing on standard flexible Kapton 
(dielectric constant  ε = 3.7936) substrate which is one of the most widely used flexible 
substrates. We defined the sensitivity of this refractive index sensor as the peak-to-peak 
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transmission amplitude difference on coating analyte on metamaterial, per unit change in the 
refractive index of the analyte given by =
∆(|∆𝑇|)
∆𝑛
, where |∆T| is the peak-to-peak transmission 
amplitude difference due to analyte overlayer and ∆n is the change in refractive index. Figure 
4(a) and (b) depicts the transmission amplitude difference on varying refractive index of the 40 
nm thick analyte overlayer placed on the TASR metamaterial residing on COC and Kapton 
substrates, respectively. Peak-to-peak amplitude difference of 0.83 and 0.49 is observed on 
varying the refractive index from n = 1 to n = 4 for COC and Kapton substrates, respectively. 
We plotted peak-to-peak transmission amplitude difference (|∆T|) with the change in refractive 
index of the analyte placed on TASR metamaterials residing on COC and Kapton substrates in 
Figure 4(c) and estimated the sensitivity of metamaterials for both substrates. The estimated 
sensitivity of TASR metamaterial residing on COC substrate as a function of the refractive 
index unit (RIU) turns out to be 0.28/RIU and it reduces to 0.16/RIU for the metamaterial 
residing on Kapton substrate. Therefore, the proposed TASR metamaterial on COC substrates 
show about 1.75 times higher sensitivity to the dielectric environment in comparison to the 
TASR metamaterials residing on Kapton substrates. Similarly, 
∆(|∆ϕ|)
∆𝑛
 is about 5.68 times larger 
for COC substrate in comparison to Kapton substrate (section 5 of supplementary material). 
Further, we deposited 40 nm thick Ge on the fabricated TASR metamaterial residing on COC 
and Kapton substrates and estimated the transmission amplitude difference with respect to 
corresponding uncoated metamaterials as shown in the inset of Figure 4(a) and 4(b), 
respectively. We observed |T| of 0.27 and 0.10 for metamaterials on COC and Kapton 
substrates, respectively, which further verify higher sensitivity of TASR metamaterial on COC 
substrates and thus could be an ideal platform for sensing deep subwavelength thicknesses of 
the analyte. 
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In summary, we have demonstrated an ultrasensitive terahertz quasi-BIC Fano resonant 
metamaterial sensor fabricated on an extremely low-loss flexible COC substrate which enables 
sensing of 7 nm thick analyte at terahertz frequencies. Moreover, our results validate high-
performance sensing approach based on the change in amplitude and phase of metamaterial 
response without and with analyte overlayer to effectively sense deep subwavelength 
thicknesses of the analyte thin-films. The proposed sensor could find potential applications in 
wearable technologies for human health monitoring and extremely low volume detection of 
biological and chemical analytes. 
Supplementary Material 
See supplementary material for the information on numerical simulations, sample fabrication, 
analyte deposition, quality factor extraction of the quasi-BIC Fano resonances and electric field 
distribution at the metamaterial split gap. 
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Figure 1 
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Figure 1:  Nanometer-scale thin film sensing with quasi-BIC Fano resonance. a) Optical 
image of the fabricated TASR metamaterial. Inset depicts the geometrical parameters of the 
unit cell, gap g = 3 m, width w = 6 m, length l = 60 m, periodicity p = 75 m and 
asymmetry d = 10 m. b) Image of fabricated metamaterial showing robustness and flexibility. 
c) The Q factors of quasi-BICs of an ideal (dots, PEC) and a realistic (star, metallic) 
metamaterial array with varying asymmetry d. Inset: Simulated transmission spectra of metallic 
TASR metamaterial with an asymmetry of d = 10 μm. d) and e) Change in the simulated 
transmission amplitude (∆T) and phase (∆ϕ, degree) on coating Ge of thicknesses ranging from 
7 to 20 nm on TASR metamaterial. 
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Figure 2  
 
 
Figure 2: Simulated and measured transmission amplitude of the flexible metamaterial 
without and with Ge overlayer. a), c) and e) depicts the simulated transmission spectra for 7, 
20 and 40 nm Ge coating on the metamaterial, respectively. b), d) and f) represents the 
measured transmission spectra for 7, 20 and 40 nm Ge overlayer on the metamaterial, 
respectively. The dotted black colour curve represents the transmission spectra of the TASR 
metamaterial without analyte layer in each case 
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Figure 3  
 
Figure 3: Change in transmission amplitude (T) and phase (ϕ) spectra for various 
thicknesses of the Ge overlayer. a) and b) respectively, represents simulated and 
experimentally measured transmission amplitude difference for the analyte overlayer of 
thicknesses ranging from 0 to 40 nm. c) and d), respectively depict the simulated and 
experimentally measured phase difference for 0 to 40 nm thick analyte. 
 
 
 
 
 
 
16 
 
Figure 4 
 
Figure 4: Sensitivity performance of the metamaterial on different flexible substrates. 
Simulated transmission amplitude difference (T) with an analyte of thickness 40 nm but 
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different refractive index placed on the TASR metamaterial residing on a) COC and b) Kapton 
substrate, with respect to the corresponding uncoated metamaterials. Inset in a) and b) shows 
experimentally measured ∆T for 40 nm thick Ge (n = 4) on the TASR metamaterials residing 
on COC and Kapton substrate, respectively. c) Peak-to-peak transmission amplitude difference 
(|∆T|) with change in refractive indices of the 40 nm thick analyte placed on TASR 
metamaterial residing on COC (black) and Kapton (red) substrates. 
 
 
 
 
 
 
 
 
